Treatment with alkali is one of several methods for removing fatty acids from bacterial endotoxins and, in the process, detoxifying the material. Saponification of fatty acid esters is the major detectable chemical change produced by alkali; however, kinetic studies of mild alkaline hydrolysis of endotoxin failed to correlate rates of detoxification with rates of loss of ketodeoxyoctonates, heptose, 0-acetyl groups, or fatty acid esters. The alterations occurring during the critical stages of hydrolysis apparently changed the essential chemical conformation of endotoxic particles before cleavage of a significant amount of material took place. The rates of both saponification and detoxification were markedly increased by carrying out the reaction in media of ethyl alcohol or dimethylsulfoxide instead of water.
Although the determinants of antigenic specificity in endotoxins have always been found to be sugars or closely related compounds, it is generally recognized that the typical host-reactivity (including toxicity, adjuvanticity, and antigenicity in vivo) is found only in preparations containing at least a small proportion of phosphorylated lipoid substance incorporating amino sugar and long-chain fatty acids. Exactly what relationship the essential lipoid material in intact endotoxin bears to the product of hydrolytic cleavage known as "lipid A" (33) remains in dispute. Certainly there is no direct relationship between the quantity of lipid A recoverable from a preparation and the host-reactivity of that preparation (8, 13, 23, 24) . Recently, endotoxins described as devoid of polysaccharide have been isolated from mutant strains of salmonellae (11) (12) (13) . While technically correct, such descriptions may be seriously misleading. These "primitive" endotoxins contain up to 20% of ketodeoxyoctonates (KDO; references 9, 12, 13), which have been shown to contribute antigenic determinants (O. Luderitz, personal communication), and probably other unidentified carbohydrates (11) . Our view, therefore, has been that, because all appreciably "endotoxic" preparations so far described are also antigenic, it has not been possible to demonstrate that toxicity resides exclusively in the lipoid components of endotoxin and that judgment regarding the "toxophores" must still be withheld.
Studies of the relationship of lipid to the biological reactivity of endotoxins and related substances have been approached experimentally in numerous ways, including hydrolysis with acid (8, 25, 33 , and many others), hydroxylaminolysis (15, 31) , degradation with alkali (17, 19, 30, 32) , reductive cleavage of ester bonds with lithium aluminum hydride (7, 18) , acylation (4, 5, 15; Milner et al., Bacteriol. Proc., 1965, p. 401), deacylation (20) , and transesterification (20) . Many of these studies, as well as a recently reported increase in molecular dissymmetry of alkali-treated endotoxin (32) , suggest the importance of fatty acyl ester to the biological reactivity of endotoxin.
We report here additional studies of the effects of alkali on well-characterized endotoxins. The kinetics of alkaline degradation under varying conditions are compared, and physical-chemical as well as biological properties of the treated materials were studied. Of particular note is the greatly accelerated detoxification observed when ethyl alcohol or dimethylsulfoxide (DMSO) is substituted for water as the medium for treatment of endotoxin with mild alkali. Although the loss NIWA ET AL. of fatty acid ester undergoes an approximately parallel acceleration under these conditions, we were unable to prove a causal relationship between such loss and the deteriorating activity.
MATERIALS AND METHODS Endotoxins. Endotoxins for the present study were prepared by standard procedures which have been described in detail elsewhere (6, 23, 24) . Briefly, aqueous phenol extracts (34) were prepared from cell walls of Escherichia coli 0111 :B4 (Difco) and E. coli 0113 (Braude). The endotoxin which had been extracted from E. coli 0113 was subjected to repeated high-speed centrifugation to remove haptenic polysaccharide and nucleic acid. A third type of endotoxin was prepared by aqueous-ether extraction of fresh whole cells of Salmonella enteritidis (S 795).
Procedure for alkaline treatment of endotoxin. Lyophilized endotoxin was dissolved or finely dispersed in water, ethyl alcohol, or DMSO. The latter two solvents were adjusted to give final concentrations of 95% ethyl alcohol and 5% water or 80% DMSO and 20% water after addition of the desired amount of aqueous sodium hydroxide. The NaOH was added after equilibration of both the endotoxin and NaOH solutions or suspensions in a water bath at the specified temperature. After incubation, the reaction was stopped by adding an equivalent amount of acetic acid in 95% ethyl alcohol, and rapidly chilling the neutralized solution in an ice-water bath. Five volumes of cold ethyl alcohol was then added, and the resultant precipitate was collected by centrifugation and washed twice with cold ethyl alcohol. The precipitate was dissolved in a minimal amount of water, dialyzed overnight against cold deionized water, and lyophilized.
Procedure for hydroxylaminolysis of endotoxin. Hydroxylaminolysis of endotoxin for kinetic studies was carried out as follows. To one volume of endotoxin suspension (10 mg/ml in 95% ethyl alcohol) was added one volume of alkaline hydroxylamine solution (31) to give final concentrations of 0.1 N for NaOH and 0.125 M for hydroxylamine. After incubation at 30 C, the mixture was neutralized with an equimolar amount of acetic acid in ethyl alcohol, and 2.5 volumes of cold ethyl alcohol was added. The insoluble material was collected and washed twice with ethyl alcohol by centrifugation. The precipitate was dissolved in a minimal amount of water, dialyzed against cold water overnight, and lyophilized.
The following procedure was used to prepare material for the physical determinations. To 500 mg of the endotoxin was added 200 ml of alkaline hydroxylamine reagent (final concentration for hydroxylamine was 0.29 M, and for NaOH, 0.71 M). After standing at room temperature for 5 min, the mixture was heated in a 65 C bath for 5 min and then centrifuged at 4 C for 30 min at 1,600 X g. The sediment was washed first with 150 ml of ethyl alcohol and then with 150 ml of acetone. It was then dissolved in 50 ml of water, dialyzed against water, and lyophilized. A small quantity of I to 2S material present in this product was removed in the supernatant fluid after a 24-hr centrifugation at 110,000 X g of a 0.25% solution in water. Treatment of endotoxin with sodium deoxycholate (NaD). The procedure for treatment of endotoxin with NaD was as previously described (22) .
Chemical analyses. 0-acetyl was determined quantitatively by the method of Hestrin (10) with acetyl choline as the standard. When this method was applied to cellobiose acetoacetate, almost the theoretical content of 0-acetyl was obtained. Although tripalmitin gave no reaction in this procedure, some fatty acid esters larger than acetyl might react with the reagents (10); thus, the values obtained may represent the total of the easily hydrolyzed acyl esters instead of the true 0-acetyl content. However, for convenience, the results herein are given as 0-acetyl. Other chemical analyses were performed as described previously (1, 24) .
Biological assays. Determinations of lethality for chick embryos and pyrogenicity for rabbits of the preparations were performed as described elsewhere (16) .
Physical measurements. Methods employed for determinations of sedimentation coefficients, diffusion coefficients, intrinsic viscosities, and partial specific volumes, and for calculation of the dimensions of the molecules from these data were the same as in an earlier report (28) .
RESULTS
Hydroxylaminolysis and alkaline degradation of E. coli 0111 :B4 endotoxin. Alkaline degradation of endotoxin as ordinarily carried out in aqueous solution requires several hours at rather high temperatures and strong alkali to obtain appreciable detoxification and decrease in fatty acid ester content. For example, treatment with 0.25 N NaOH at 56 C for 2 hr resulted in significant detoxification (17) , whereas 0.1 N alkali at 20 C for 24 hr was insufficient to effect complete detoxification (19) .
It has been reported that hydroxylaminolysis is an effective method for detoxifying endotoxin and for removing almost all of its fatty acid ester groups (31) . Hydroxamates of fatty acids result from treatment with alkaline hydroxylamine in 95% ethyl alcohol.
During preliminary experiments on the conditions for hydroxylaminolysis of endotoxin from E. coli 0111 :B4, we found that a reaction temperature of about 30 C was sufficient to effect a substantial reduction in fatty acid ester content and detoxification of the endotoxin. Furthermore, incubation of the control mixture of endotoxin in ethyl alcoholic sodium hydroxide (without hydroxylamine) resulted in more than a 100-fold reduction in toxicity and a significant decrease in fatty acid ester content. These observations led us to study the alkaline degradation of endotoxin in alcoholic medium in more detail. Table 2 and can be compared with the physical measurements of endotoxin treated with NaD and dialyzed. It is evident that neither the particle size nor the shape of the hydroxylaminolysis product differs from that of a biologically active endotoxin. Therefore, the detoxification of endotoxin by hydroxylaminolysis (or ethyl alcoholic alkali) is not attributable to reduction in particle size. Also shown on Table 2 are the physical properties of the hydroxylaminolysis product and of endotoxin, both in the presence of a surfactant (NaD). The biologically inactive, hydroxylaminolyzed endotoxin dissociated to subunits approximately equal in size to the acid hapten or to the surfactant subunits of endotoxin (22) . When the hydroxylaminolysis product was freed from surfactant by dialysis, it reassociated to a macromolecular size. Although complete physical measurements were not performed, from the sedimentation coefficient alone (9.6S) the reassociated material appeared to be somewhat smaller than the original material (16S).
Effects of varying alkali concentration and temperature on the ethyl alcoholic alkaline degradation of endotoxin. The foregoing results showed that incubation of endotoxin at 30 C in an ethyl alcoholic solution of 0.1 N NaOH brought about very rapid detoxification. The effects of more dilute alkali and lower temperature were then examined so that the reaction kinetics could be studied. As seen in Table 3 , treatment of endotoxin for 20 min with 0.03 N NaOH in 95% ethyl alcohol at 30 C increased the lethal dose for chick embryos by nearly 90-fold and the pyrogenic dose for rabbits (FI40) by about 40-fold, while reducing the content of fatty acid ester by less than two-thirds of the original values. Alkaline degradation of endotoxin at 0 C was, as expected, much slower than at 30 C. 0-acetyl groups, which are known to be very labile to alkali (35) , decreased to about 43% of the original value after 60 min, but this was paralleled by a somewhat greater decrease in total fatty acid ester content than could be accounted for by 0-acetyl.
In all cases of incubation at 30 C, however, detoxification, as measured by lethality for chick embryos and pyrogenicity, proceeded faster than the breakage of ester bonds. This trend indicated either that some necessary chemical structure other than the fatty acid esters was very susceptible to the action of dilute alkali or that only a small portion of the fatty acid ester linkages played a role in biological activity. Of course, if the latter suggestion is correct, this small portion of ester bonds must be preferentially susceptible to alkali. Additional results (Table 6 ) militate against direct attribution of endotoxic activity to 0-acetyl groups. Effect of a surfactant on the alkaline degradation of endotoxin in water. It has been established that surfactants can dissociate the endotoxin polymers into smaller subunits (22) . This was again demonstrated with NaD (Table 2) . Although alkaline degradation of endotoxin in water is a rather sluggish reaction, it might be expected that endotoxin dissociated by NaD would be more susceptible to alkali. When alkaline degradation of endotoxin was conducted in water with and without NaD (Table 4) , the surfactant greatly increased the rate of detoxification of the endotoxin. Again, however, the observed decrease in content of fatty acid ester was not proportional to the decrease in biological activity. The two 120-min products, for example, differed only slightly in content of fatty acid ester but were more than 100-fold different in lethality for chick embryos.
Alkaline degradation in DMSO. It is well known that DMSO possesses excellent solvency for many biological materials (14) . Also hydrolysis of several ethyl esters in aqueous DMSO media has been shown to increase proportionally to the DMSO content (26) . A 40-mg amount of E. coli 01l1 :B4 endotoxin was dissolved in 5 ml of DMSO. The initially turbid solution clarified within a few minutes at room temperature. To this solution were added additional DMSO, water, and NaOH, so that the final concentrations were 80% DMSO, 20% water, and 0.03 N NaOH. The procedure for the hydrolysis was modified slightly. After neutralization of the alkali, 0.1 M sodium acetate in ethyl alcohol was added to facilitate precipitation of the endotoxin. The precipitate was dissolved in 0.5 ml of water and reprecipitated with pure ethyl alcohol. This was followed by the usual dialysis and lyophilization.
The results of the alkaline hydrolysis of enidotoxin in DMSO are shown in Table 5 . Detoxification and decrease in fatty acid ester content of the endotoxin were surprisingly rapid. Within 10 min at 30 C, the toxicity had decreased more than 2,000-fold and no fatty acid esters were detectable. Endotoxin incubated in 80% DMSO, without alkali, retained its original toxicity but lost about one-third of its fatty acid ester.
Effect of medium on alkaline degradation of endotoxins from E. coli 0113 and S. enteritidis. The foregoing results were all obtained with one endotoxin extracted from cell walls of E. coli 0111 :B4 by the hot phenol-water method. The results of similar studies of a phenol-water endo- and an aqueous ether extract of S. enteritidis confirmed that a medium of ethyl alcohol or DMSO also accelerated the alkaline degradation of these endotoxins. Examples of the chemical and biological properties of the products obtained after 20 min of alkaline treatment are presented in Table 6 . In the case of endotoxin from E. coli 0113, the reaction product with aqueous alkali showed only a slight decrease in chick embryo lethality, whereas about 60% of the fatty acid ester was removed. The product of similar hydrolysis in ethyl alcohol had lost about two-thirds of its ester groups, and the reduction in toxicity was nearly eightfold. Alkaline degradation in DMSO resulted in marked detoxification but still did not remove all of the fatty acid ester groups. These same trends were observed, but even more markedly, when S. enteritidis endotoxin was treated with alkali in the various media. Elimination of about three-fourths of the fatty acid ester produced, in the case of ethyl alcohol, a 100-fold drop in lethality for chick embryos and, in DMSO, an 800-fold loss. With both endotoxins, the 0-acetyl contents were reduced to about one-sixth of the original; this occurred even in a FI40, dose producing fever index of 40 cm2. endotoxin incubated with alkali in water, a preparation which showed only slight reduction in biological activity. This suggested that 0-acetyl groups may not be primarily important for toxicity. KDO, which is very labile to acid hydrolysis (21) , was retained even in the products treated in alkaline DMSO; also, the content of phosphorus did not change significantly. These results suggest that the carbohydrate moiety of the endotoxins may remain almost intact in spite of the loss of biological activity. However, these are only gross chemical analyses, and changes could have occurred which would remain undetected by the usual assays. Figure 1 shows the ultracentrifugal patterns of the preparations described in Table 6 endotoxin. If the alkaline treatment was carried out in ethyl alcohol or DMSO, the macromolecular size was reduced, but it was still as large as that of biologically active endotoxins (cf. Table 1 and reference 22). However, the alkaline degradation in ethyl alcohol and DMSO of this preparation of aqueous ether-extracted endotoxin from S. enteritidis occurred so rapidly that by 20 min the biologically inactive component had been degraded to a material sedimenting at 6.9S.
Numerous serological examinations of alkaline-degraded endotoxins were also performed. Pending further study and interpretation, however, they do not contribute importantly to what has been presented. Even the most vigorously treated samples reported here retained their ability to precipitate with antiserum to the original endotoxin, both in tubes and in gels, and showed enhanced capacity for sensitizing erythrocytes to conditioned hemagglutination by homologous antibody. DISCUSSION Alkaline hydrolysis of endotoxins in aqueous solutions has been studied by several workers (17, 19, 30, 32) . They showed that the rate and extent of degradation depended upon the concentration of alkali and the temperature. The present study establishes that a further condition must be considered in studying the kinetics of alkaline degradation of endotoxin, that is, the effect of the medium in which the reaction is carried out. With identical temperatures and concentrations of alkali, the detoxification of endotoxin was 100 times slower in pure aqueous solution than in mixtures containing ethyl alcohol or DMSO.
The greatest acceleration of alkaline degradation of endotoxin was provided by DMSO. Two possible, and not necessarily mutually exclusive, means by which DMSO could facilitate this reaction may be offered. (i) The DMSO solution disperses the polyaggregated endotoxin. This was evinced by clearing of the endotoxin solution in 80% DMSO. Such endotoxin-DMSO solutions have been shown to be fully pyrogenic (unpublished observations). (ii) It is known that the activation energy of saponification of some organic esters is much reduced by DMSO (26) . We might expect, therefore, an increased rate of saponification of fatty acid esters of endotoxin in DMSO as compared to the rate in water. As was shown, saponification of fatty acid esters, including 0-acetyl bonds, was the major detectable chemical modification of endotoxin during alkaline degradation.
The detoxification reaction was also enhanced by NaD. It has been reported that NaD not only disperses the endotoxic polymers but it also dissociates them into low-molecular-weight subunits (22) . Although other reactions could be involved in the facilitation by NaD of alkaline degradation of endotoxin, it is reasonable to suppose that there would be greater availability of critical sites on the free subunits than on the intact endotoxin. However, if DMSO and NaD enhance the reaction of alkali with endotoxin by producing dispersion and dissociation, ethyl alcohol must act by an entirely different mechanism, since endotoxin is almost insoluble in ethyl alcohol. In some organic solvents, such as hexane, polar lipids, like phosphatidylcholine, form micelles of special molecular orientation with the carbon chains to the outside and the polar groups inside. Such a molecular orientation of endotoxic lipopolysaccharide in lipophilic solvents has never been proven; however, a lamellar structure of endotoxin in water, with the lipid moiety inside, has been proposed from electron microscopic and other observations (2, 3, 27, 29) . It would seem likely that the lipid moiety of endotoxin might be inaccessible in such a lamellar structure in aqueous solutions. Thus, aqueous alkaline degradation would proceed slowly. On the contrary, it is possible that in lipophilic solvents the lipid moiety of the endotoxin may be exposed to the medium and more susceptible to the alkali. Although ethyl alcohol has limited solvent value for lipids, it is miscible with fatty acids and might effect exposure of hydrophobic portions of the lipopolysaccharide.
It has been shown previously that, during acid hydrolysis of endotoxins, loss of biological activity is paralleled by a degradation of the lipopolysaccharide particle to haptenic components of 10,000 to 20,000 mw (25) . Also, dissociation of endotoxin by NaD produces biologically inactive subunits of similarly low molecular weight (22) . But alkaline detoxification of endotoxin, as exemplified by hydroxylaminolysis, leaves the lipopolysaccharide with particle weight, size, and shape not different from the biophysical characteristics of an aqueous ether-extracted endotoxin (25) or of an aqueous phenol-extracted endotoxin that has been treated with NaD and then dialyzed (22) . The observations reported herein and other similar observations (15, 32) , indicating that endotoxin can be rendered biologically inactive without reducing the particle size below that of normal endotoxins, are in no way inconsistent with our hypothesis (22, 25) of a critical minimal size for endotoxins. A bacterial product must have a proper chemical conformation and must also be associated into a macromolecular complex in order to display endotoxicity. Obviously, the reaction of endotoxin with alkali
